Abstract Fiber metal laminates (FMLs) have shown great potential in lightweight aerospace applications. Carbon fiber reinforced aluminum laminates (CARALL) is a lightweight system that has received less attention than aramid reinforced aluminum laminates. These FMLs have adhesively bonded layered plies. We have developed CARALL without the use of adhesives. The epoxy resin from the carbon fiber epoxy is used to adhesively bond the aluminum layers. In this study, CARALL laminates having a 3/2 configuration, with Aluminum 5052-H32 as the outer layer were prepared using a vacuum press without using any adhesive film. Primary failure modes observed were cracks in non-impacted aluminum layer, carbon fiber (CFRP) layer fracture and delamination between aluminum and CFRP layers. Finite element modeling was used to predict low velocity impact response of these FMLs by considering Chang-Chang damage criteria for CFRP layers and nonlinear elasto-plasticity along with progressive damage mechanics for aluminum layers. Delamination was modeled by using traction separation law and damage criterion proposed by Benzeggagh-Kenane was used for interface damage evolution. The damage size of CARALL FMLs was characterized using C-scan equipment and compared with the finite element predictions. Numerical simulation was used to predict load-displacement histories, delamination area, absorbed energy, damage morphologies on impacted and non-impacted sides and tensile failures of CFRP layers for impact event at three different energy levels. Predicted impact behavior results match well with experimental results. The threshold impact energy, energy at which perforation failure was induced in all metallic and fiber reinforced layers for these CARRAL laminates was found to be around 31 J.
Introduction
Fiber metal laminates (FMLs) are lightweight structural materials developed with the combination of alternating thin, high strength metallic sheets and fiber reinforced adhesive layers. Currently, fiber metal laminated composites are mainly used in aerospace industry specifically due to their increased stiffness and strength in comparison to aluminum. Examples of application of FMLs in aerospace industry are aramid reinforced aluminum laminates (ARALL) to be used as material for the highly fatigue rear cargo door of the C-17 cargo aircraft to reduce overall weight and glass reinforced aluminum laminates (GLARE) panels in the upper fuselage of the Airbus A380 commercial aircraft [1, 2] . Due to the excellent impact properties of GLARE, it has also been used as a surface material in the Boeing 777 cargo floor panels [3] . Several research studies have shown that FMLs have excellent impact resistance of metals and attractive properties of fiber reinforced composites [3] [4] [5] [6] .
Many research studies have been conducted in recent years to study mainly the low and high velocity impact response of GLARE and ARALL [7, 8] . Very few research papers are found in literature that describes the low velocity impact behavior of CARRAL FMLs [9] [10] [11] [12] [13] [14] [15] . Abdullah et al. [7] investigated the impact behavior of a polypropylene based glass fiber reinforced FML and their results showed that the energy is absorbed by FMLs through plastic deformation in aluminum and microcracking in the composite layers. Caprino et al. [8] studied the low-velocity impact performance of GLARE composites made of 2024 T3 sheets and S2-glass/epoxy prepreg layers and showed that the overall force-displacement curve only depends on the impact energy, rather than on the mass and speed separately. Their results show that GLARE seems to offer better performance in terms of penetration energy and damage resistance than carbon fiber and glass fiber-reinforced laminates.
Carbon fiber can offer more efficient crack bridging to aluminum layers than aramid fiber and glass fiber due to their high stiffness and CARALL FMLs also provide excellent impact resistance due to the presence of aluminum layer. CARALL provides excellent advantage to use as a material for helicopter, robot, laminated pipe, drive shaft and aircraft structural components due to presence of a combination of high stiffness and strength with good impact resistance [10] [11] [12] . Bieniaś et al. [9] investigated the resistance to low velocity impact of aluminum alloys and a carbon/epoxy composite laminates. Their results show that the ply orientation in unidirectional carbon/ epoxy and aluminum laminates has particularly importance for their impact resistance. Yu et al. [13] studied the effect of the properties of aluminum alloy on the low velocity impact response of CARALL and showed that the impact resistance of CARALL is improved by increasing the yield strength of aluminum alloy.
However, only few researchers have employed the finite element method to perdict the low velocity impact response of CARALL FMLs. In particular, there is no data for CARALL made without the use of adhesive bond. So primary focus of this research was to employ two dimensional (2D) finite element modeling in thickness direction for predicting impact response of this class of CARALL FMLs and comparing it with experimental drop weight test at different impact energies.
Specimen Preparation
Aluminum alloy 5052-H32 sheets having 0.5 mm thickness (with 96.85 % Al, 0.25 % of Fe, 2.50 % of Mg, 0.07 % of Mn, 0.11 % of Si, 0.01 % of Zn, 0.01 % of Cu and 0.20 % of Cr) and VTM 264/CF302 woven carbon fiber/epoxy prepreg supplied by CYTEC having 0.22 mm thickness and 42 % fiber volume fraction were the materials used for the manufacturing of FML specimens. Grit paper # 60/P60 was only used to make the surface of aluminum sheet slightly rough so as to increase the interlocking between the carbon fiber and aluminum layers. A schematic illustration of FML specimen is shown in Fig. 1 .
Hand layup method was employed to fabricate the specimens followed by using autoclave vacuum press machine for curing. During the curing process the layered prepreg and aluminum system was kept in vacuum and 0.35 MPa pressure was applied on the layered system at 130°C for 60 min. Autoclave vacuum press equipment allows to apply pressure between 0 and 0.35 MPa during the curing of composites. From our experience with CFRP laminates, it was assured that 0.35 MPa will be a good pressure for the consolidation of CARALL FMLs. The carbon fiber/epoxy and aluminum layered system was then cooled by passing mist and water over the platen for 15 min each.
Experimental Procedures
ASTM standard D7136 [16] was referred to investigate the low velocity impact behavior of FMLs. Drop-weight impact tests on CARALL FMLs were performed using a hemispherical striker having a weight of 1.819 kg and a tip diameter of 28.39 mm. Rectangular specimens with dimensions of 152.4 9 101.6 mm 2 were clamped to a 20 mm thick aluminum plate having a 125 mm 9 75 mm cutout located at the center with the help of four toggle clamps having a minimum holding capacity of 1100 N.
The tips of the clamps were made of neoprene rubber with a durometer of 70-80 Shore A. Guide pins were used to position the specimen centrally over the cutout. The fixture was aligned to a rigid base using bolts. A representative base design is shown in Fig. 2a . The designated impact energy was obtained by adjusting the height of the hemispherical impactor. The velocity of the impactor nose was measured with the help of accelerometer located on the top of striker. The contact force between the impactor and the sample was measured by utilizing load cell located underneath the rigid support fixture. The acceleration-time signal measured by the acquisition system was integrated twice to obtain the displacement. The impact acceleration-time and force-time relation were obtained for each impact event. The CARALL FMLs were experimentally tested at impact energies of 14, 21 and 31 J by utilizing the drop weight impact tower shown in Fig. 2b . An assumption of no energy loss was made in the calculations for the contact force between the striker tip and sample during the impact event. Some specimens were carefully sliced through the center to observe the damage behavior through the laminate thickness with the help of cross-sectional microscopy. All the laminates were scanned with the C-scan equipment prior to testing to check the presence of any interface bonding defects between CFRP and aluminum layers. The results were excellent showing good bonding at all interfaces.
The presence of epoxy resin layer between successive CFRP and aluminum layers was also observed by using SEM imaging technique in all FMLs. This epoxy resin layer will act as barrier between CFRP and aluminum layers and help to hinder the occurrence of galvanic corrosion on aluminum layers. The cross section of CARALL fiber metal laminate sample was carefully cut by using diamond cutter and polished by using sand paper # 1200. The presence of epoxy resin layer with 4 lm average thickness between adjacent CRFP and aluminum layer is shown in Fig. 3 :
Finite Element Modeling
The low velocity impact response of CARALL FMLs were modeled with the help of commercially available LS-DYNA software by using explicit time integration scheme. The development of finite element (FE) model for impact simulations in LS-DYNA includes discretization of sample geometry into finite elements, modeling of composite material including intralaminar failure and delamination failure, modeling of aluminum material with strain based failure criteria and modeling of rigid hemispherical striker with appropriate contact algorithm and boundary conditions.
Discretization of FML Specimen
In this study, the thickness of aluminum layers was modeled using two dimensional selective reduced (S/R) integrated continuum linear shell elements with four nodes (ELFORM 2). The thickness of CFRP plies was also represented with two dimensional selective reduced (S/R) integrated linear shell elements considering one layer of shell elements for each lamina with three integration points with respect to ply thickness. Entire FE model of FML specimen is based on the shell elements and each layer consisting of shell elements builds up the thickness of FML specimen. The through thickness stresses were not taken into consideration by using shell elements in this analysis.
The total number of elements in FE model for each aluminum and CFRP layer are 15606. Finite element mesh was generated using square element with D side of 1.0 mm for both aluminum and CFRP layers having 152.4 mm 9 101.6 mm geometric dimensions. The finite element model of CARALL FML with a detailed view of tiebreak interface contacts between adjacent layers is shown in Fig. 4 . A stiffness-based hourglass control (IHQ = 4) was used for the aluminum layers, and an hourglass control (IHQ = 8) for the laminas, which activates the full-projection warping stiffness for more accurate results. Hourglass control is viscosity or stiffness that is added to selective reduced integrated quadrilateral shell elements or hexahedral solid elements to prevent zero-energy modes of deformation that produce zero strain and no stress. Without hourglass control, these elements will have nonphysical hourglass modes which could grow large and destroy the solution. Two different types of hourglass formulations were chosen considering the material models used to model aluminum and CFRP layers. A stiffness based hourglass formulation (IHQ = 8) have algorithm to activate warping stiffness also, due to which it gives more accurate results for orthotropic materials than hourglass formulation (IHQ = 4). The value of hourglass coefficient (QH = 0.05) was kept similar in both hourglass formulations.
Aluminum Material Model
The piecewise linear plasticity material model (Mat_024) was utilized to model elasto-plastic behavior of aluminum layers by defining effective stress-effective plastic strain curve obtained from tensile test conducted at a strain rate of 0.05 mm/s as shown in Fig. 5 . This is also a model flow stress curve for our analysis. The failure of aluminum layers was modeled in this study by defining a plastic failure strain in constitutive model card of LS-DYNA. In the constitutive equations of this material model, the plasticity treatment includes strain rate and yield function is traditionally defined by Eq. 1.
Where
The effective plastic strain is defined as e is the difference between the total and elastic strain rates. The strain rate effects can be included in this model by using the Cowper-Symonds model which scales the yield stress with the factor b.
Where C and p are the constants of user defined input constants. The complete mathematical equations for piecewise linear plasticity material model can be found in LS-DYNA theory manual [17] . However, we have not used any strain rate and hardening effects in our analysis. This assumption is good for aluminum material subjected to low velocity impact loading which is our focus. Aluminum is not strain rate sensitive at low velocity impact levels. Therefore, the value of b is not likely to change for aluminum at low velocity mechanical loadings. The implementation of the piecewise linear plasticity model is done in LS-DYNA by updating the deviatoric stresses elastically, checking the yield function and the deviatoric stresses are accepted if the yield function is satisfied. The incremental plastic strain is computed if the yield function is not satisfied. The trial deviatoric stress state, S Ã ij is then scaled back. The material properties parameters of 5052-H32 aluminum alloy used for predicting impact behavior of FMLs are presented in Table 1 . The mechanical properties of 5052-H32 aluminum alloy shown in Table 1 were evaluated experimentally with tensile test performed in the lab and crosschecked with the values given in Ref. [18] .
Composite (CFRP) Material Model
The material properties of carbon fiber/epoxy layers, which were provided by CYTEC are shown in Table 2 [19]. The impact response of the woven carbon fiber/epoxy layers was modeled using Chang-Chang [20] damage initiation criteria inbuilt in Enhanced Composite Damage (Mat_054) material model of LS-DYNA. According to this failure criteria, a damage in composite laminate occurs when one of the following failure equation is equal to or greater than zero. Fiber tension, fiber compression, matrix tension and matrix compression are the four failure modes considered in Chang-Chang failure criteria [20] . The failure equations are referenced from LS-DYNA user keyword manual, volume-II [21] and represented separately as follows:
Tensile failure, fiber mode : e 2 f;T
Compressive failure, fiber mode : e 2 f;C 
Compressive failure,matrix mode :
Where r 1 is the nominal stress in the lamina in the longitudinal direction, r 2 is the nominal stress in the lamina in the transverse direction, s 12 is the nominal shear stress in the plane of lamina, X T is the tensile strength in the longitudinal direction, X c is the compressive strength in the longitudinal direction, Y T is the tensile strength in the transverse direction, Y c is the compressive strength in the transverse direction, S c is the shear strength, U is the shear stress correction parameter in the tensile failure mode. The value of U equal to zero was considered in the finite element analysis performed in this research study. The failure strains can also be applied in addition to these stress based failure criteria's. If strain based failure criteria is utilized, the stress value is kept at a constant level after meeting the Chang-Chang criteria until the failure strains are reached. The element is removed from the calculation when the stress based Chang-Chang failure criteria is met or failure strain reaches its maximum value. In this study failure strains for CFRP layers were not used.
Delamination Failure Modeling
Delamination is the one of the main sources of damage in the FMLs, separation of plies in low resistance interface between adjacent layers under compressive loading or impacts. The linear fracture mechanics techniques (LEFM) like virtual crack extension [22] , the J-integral [23] , the virtual crack closure (VCC) [24, 25] and the stiffness derivative [26] based on Griffith criteria [27] can be used to predict delamination in laminated composites in the absence of any nonlinearities. These methods are restricted to problems where initial crack is known, therefore these methods cannot be used to predict the initiation of delamination [28] . Damage mechanics and/or softening plasticity combined with indirect introduction of fracture mechanics based methodologies have been developed to model the mechanical response of interface [29] [30] [31] [32] [33] [34] [35] . Cohesive zone model is one of these methodologies which may be considered to be developed from the work of Hillerborg et al. [29] . In this research work, intralaminar delamination between the CFRP and aluminum layers was modeled by employing tiebreak algorithms available in LS-DYNA [36] . The transmission of both compressive and tensile forces is allowed in these penalty-based contact algorithms which are used to model connection between surfaces. The tie-break contact algorithms prevent the separation of the slave node from the master segment before failure of connection and after the failure the contact behaves like surface to surface contact with thickness offsets due to removal of tensile coupling. Depending upon the nature of connection, an optional failure criterion can be defined in all tie-break contacts. In this study, an extended form of dycoss discrete crack failure [37] [38] [39] [40] [41] criteria which is based on the fracture model defined in a cohesive material that includes a bilinear traction separation law with quadratic mixed mode delamination criterion and a Benzeggagh-Kenane [42] damage propagation formulation was used. The distance between two points initially in contact in the normal and tangential directions corresponds to complete material failure referred as ultimate displacements in the interface cohesive model. The linear stiffness for loading followed by the linear softening during the damage provides a simple relationship between the energy release rates, the peak tractions, and the ultimate displacements [21] given by Eqs. 8 and 9.
Where UND is the ultimate displacement in the normal direction; UTD is the ultimate displacement in the tangential direction, G IC is the Mode I energy release; G IIC is the Mode II energy release; T is the peak traction in normal direction and S is the peak traction in tangential direction.
In the cohesive material model, the total mixed mode relative displacement d m is defined as
Where d I ¼ d 3 (Fig. 6) is the separation in the normal direction (Mode I) and d II ¼ ðd
1=2 is the separation in the tangential direction (Mode II) and the damage initiation displacement d 0 for the mixed mode delamination (onset of softening) is given by Eq. 11. (Fig. 6) ; EN is the stiffness normal to the plane of interface; ET is the stiffness in the plane of interface. The ultimate mixed mode displacement d F (total failure) was used according to the Benzeggagh-Kenane law given in Eq. 12. 
Where XMU is the exponent of mixed mode criteria and c is additional exponent for Benzeggagh-Kenane law. Although the computational cost was increased by modeling each layer with a separate shell elements but the ability to predict the delamination damage with greater accuracy was offered by this approach. The adhesion properties of aluminum and CFRP layers bond used as input to tiebreak contact in the simulation are given in Table 3 . The values of peak tractions in normal and tangential directions were determined experimentally through T-peel and double notch shear strength tests. Mode I energy release rate were calculated from T-peel test data using area method given by Eq. 13 whereas Mode II energy release rate and mixed mode damage criteria exponent (XMU) values were assumed after referring to the work of Shin and Kim [43] . The values of the rest of the parameters were kept to their defaults settings as described in Table 3 .
where b is the width of the sample, DE is the area under the load displacement curve and Da is the crack extension. A negative sign of XMU parameter invokes the B-K damage propagation model. The normal stiffness (EN) was not provided explicitly to the damage model. Penalty stiffness (default) was used by the model as the normal stiffness. The ET2EN parameter is defined as the ratio of the tangential stiffness to the normal stiffness in the B-K damage evolution formulation.
The impactor was meshed with 8-node linear brick, reduced-integration solid elements and modeled as hemispherical rigid body using rigid material model (Mat_020) with steel material properties as given in Table 1 . The impactor was constrained to move only in z direction through material model card and a prescribed initial velocity was assigned to it to get desired impact energy. The penalty formulation based surface to surface contact was applied for the interaction of impactor with impacted plate and each contacted ply of the laminate by setting SOFT option of contact card to equal to 2. The specimen nodes were constrained in all directions located at the toggle clamp locations so as to match the experimental boundary conditions as described in Fig. 4 . A friction coefficient, l = 0.3 was applied for the contact between impactor and the laminate.
Results and Discussions
The typical force displacement (F-D) response of CAR-ALL is compared with finite element predictions at different impact energies in Fig. 7 . The predictions made through FEM analysis are shown in dashed lines and the experimental results are plotted in solid lines.
A gaussian data smoothing technique was used over the experimental data to remove the noise captured by acquisition system during impact test. Each F-D curve has an ascending portion of loading known as bending stiffness due to the resistance of the composite to impact loading, the peak load value and descending section of unloading. The closed type F-D curves of CARALL FMLs for all impact energies imply that complete penetration and perforation was not observed in this study. The finite element predictions showed acceptable agreement with the experimental results for the ascending portion of the F-D curves but demonstrated some discrepancies in the unloading section for 21 and 31 J impact energies which may be due to the failure of present finite element material model to Fig. 6 Mixed-mode tractionseparation law [38] capture behavior of FMLs in unloading portion due to complex damage modes of FMLs.
The peak load values were found to be 5789, 6777.8 and 7171 N for 14, 21 and 31 J impact energies, respectively. The low increase in peak load value from 21 to 31 J may be due to more delamination and excessive crack in metallic layers. The damage morphologies of CARALL specimens are evaluated at impacted and non-impacted side for all the impact energies and compared with FEA views as shown in Fig. 8 . The CARALL specimens were cut carefully with diamond cutter along the main crack direction to observe the inner damage behavior and the cross-section images of damaged specimens were also examined and compared with FEA model as shown in Fig. 9 .
For the lowest impact energy, minor cracks were observed at the non-impacted side aluminum layers in CARALL specimens. However, the primary damage modes are indentation-induced, fiber fracture and adhesive delamination at the aluminum carbon fiber/epoxy interfaces as shown by the cross section images in Fig. 9 . As the impact energy increases to 21 J, the crack lengths on the non-impacted side of CARALL specimens increases, along with indentation depth. Comparatively to previous impact energy, larger adhesive delamination, fiber and matrix fracture was observed in the CARALL FMLs specimens as shown by cross-section images in Fig. 9 . With the further increase in the impact energy to 31 J, resulted in much larger increase in crack lengths on the non-impacted sides of CARALL specimens. At this energy level, the indentation induced cracks in top aluminum metallic layer was also found in CARALL specimens as shown in Fig. 8 . The failure of interior metallic aluminum layers and carbon fiber/epoxy layers to a much larger extent can also be observed in cross section images at this impact energy.
The delamination damage size was characterized by using C-scan equipment and compared with the finite element simulation results (Fig. 10) for CARALL specimens. In FEM predictions shown in Fig. 10 , the solid blue color represent that damage is critical (value nearly 0.0) and the red color represent that the damage has not occurred (value nearly 1.0), and others represent different damage states. Similarly, the fully delaminated and no delamination regions in the C-scan results are described by the 100 and 0 % values of the legend, respectively. ImageJ image processing and analysis software was used to measure the delamination area from the C-scan pictures. The damaged area is initially small, and gradually gets larger with increasing impact energy. Bilinear traction separation law with quadratic mixed mode delamination initiation criterion used in this study was found to successfully capture the delamination area giving a good match with the C-scan experimental results at lower impact energies. The perforation failure of FML layers dominates over the delamination failure between the adjacent layers at higher impact energy. However, there is a local delamination between CFRP and aluminum layers in the impact zone as can be observed in the cross section views described in Fig. 9 . The FEM model also captures the perforation failure of aluminum and CFRP layers at higher impact energy but overestimates the delamination area as represented by Fig. 10 .
Tensile failures prediction results of woven composite layers located near the impacted and non-impacted sides are shown in Fig. 11 . The colors represent the damage degree of composite. While the blue represent that the damage is critical (value nearly 0.0), red represent that the damage has not occurred (value nearly 1.0), and others represent different damage states. As expected, damage in carbon fiber/epoxy layers increased with the increase in the impact energy.
Numerical simulation elucidated the extent of tensile damage in carbon fiber/epoxy layers. A correlation between experimental results and numerical prediction results was not achieved for the tensile failure of carbon fiber/epoxy layers due to difficultly of removing aluminum layers and characterize the damage in experimental samples. A comparison between experimental results and numerical predictions in terms of absorbed energy, energy restitution coefficient and delaminated area is shown by Fig. 12 . Energy restitution coefficient was calculated for numerical and experimental results for each impact energy using the formula described by Eq. 14. FEA material model predicted the energy absorption and damaged area results similar to experimental results at 14 and 21 J impact energies but showed discrepancies in results at 31 J impact energy. Similarly, the FEM model underestimated the energy restitution coefficient at higher impact energy but gives acceptable results at lower impact energies. The experimental results and numerical predictions of the impact induced crack lengths measured on the Table 4 .
Indentation induced damage with no cracks in aluminum layer on impacted side of specimens was found for 14 and 21 J impact energy, whereas a 18 mm long crack was found in aluminum layer along with indentation on impacted side for 31 J impact energy. The length of longest crack on the non-impacted side of specimens was measured to be 20, 24 and 31 mm for 14, 21 and 31 J impact energies respectively. Upon comparison between numerical predictions and experimental results, it was found that FEM model predicts the ultimate central deflection and crack lengths on impacted and non-impacted sides with acceptable accuracy level The error sensitivities of the peak force, energy restitution coefficient and energy absorbed predictions as compared to the experimental results are shown in Table 5 . The FEM model overestimates the absorbed energy value at higher impact energy resulting in a significant error, approximately equal to 17 % as compared to experimental results.
Conclusions
In the present research, the impact performance of CAR-ALL FMLs is investigated experimentally through drop weight test and dynamic finite element method based transient simulations. The numerical simulations using the above mentioned damage model successfully predict the low velocity impact behavior of CARALL FMLs. It was Fig. 12 Impact test results for CARALL specimens under different impact energies; a absorbed energy; b energy restitution coefficient; c delamination area found that CARALL offers excellent impact resistance property due to the high stiffness of carbon fiber. As expected, it was found that the delaminated area increases with the impact energy to a level until the primary failure mode is changed from delamination to failure of carbon fiber/epoxy or metallic layers. A good correlation was found between numerical and experiment results for force-displacement, absorbed energy and energy restitution coefficients for 14 and 21 J impact energies but the slight difference was observed for 31 J impact energy which may be due to the failure of material model to successfully capture the system response in unloading region. Numerical material model successfully captured the peak load levels and ultimate central deflection for each impact energy level and compared well with the experimental results. 
